Cultured plant cells of Marchantia polymorpha, Nicotiana tabacum, Phytolacca americana, Catharanthus roseus, and Gossypium hirsutum were examined for their ability to reduce curcumin. Only M. polymorpha cells converted curcumin into tetrahydrocurcumin in 90% yield in one day. Time-course experiment revealed a two-step formation of tetrahydrocurcumin via dihydrocurcumin.
Turmeric derived from the rhizome of Curcuma longa Linn. has been used for treatment of inflammatory disorders such as arthritis, colitis, and hepatitis [1] . Curcumin, a representative phenolic antioxidant found in C. longa, exhibits anti-oxidant, antiinflammatory, and anticancer properties [2] [3] [4] [5] [6] . Curcumin is synthesized through the poliketide biosynthesis pathway. Its starting material is acetyl-CoA, which is also a key substrate of terpene biosynthesis. On the other hand, a recent paper reported that tetrahydrocurcumin showed higher anticancer activity than curcumin [7] .
Over the past few decades, biotransformation has been extensively studied because it is considered to be an important method for converting inexpensive and plentiful organic compounds into costly and scarce ones. Recently, plant cell cultures have been studied as useful agents for biotransformation reactions because of their biochemical potential to produce specific secondary metabolites such as flavors, pigments, and agrochemicals [8] . The reactions involved in the biotransformation of organic compounds by cultured plant cells include oxidation, reduction, hydroxylation, esterification, methylation, isomerization, hydrolysis, and glycosylation. Particularly, reduction by cultured plant cells has been the subject of increasing attention, since a chemo-and regioselective reduction by cultured plant cells is more convenient than chemical reduction.
Herein we report, for the first time, the rapid formation of tetrahydrocurcumin via reduction of curcumin with plant cultured cells of Marchantia polymorpha.
Curcumin (1) was subjected to biotransformation with cultured plant cells of M. polymorpha, Nicotiana tabacum, Phytolacca americana, Catharanthus roseus, and Gossypium hirsutum. The biotransformation products were detected by HPLC analyses of the culture medium and the methanol extracts of the cells. The products in the medium were extracted using ethyl acetate. After concentration of the methanol extracts of the cells, the residue was partitioned between water and ethyl acetate. The ethyl acetate fractions were combined, concentrated, and analyzed by HPLC. The cultured cells of N. tabacum, P. americana, C. roseus, and G. hirsutum were not able to reduce curcumin (1), resulting in the recovery of substrate. However, incubation with M. polymorpha for 1-day resulted in the formation of dihydrocurcumin (2, 5% yield), and tetrahydrocurcumin (3, 90% yield).
To investigate the biotransformation pathway, the time-course of the conversion of curcumin (1) by cultured cells of M. polymorpha was examined. As shown in Figure 1 , curcumin (1) was converted into dihydrocurcumin (2) after incubation for 3 hours, whereas tetrahydrocurcumin (3) predominantly accumulated after incubation for 6 hours, with decreases in the amounts of dihydrocurcumin (2). This indicated that the reduction product 2 was formed first, with further reduction product 3 subsequently formed, as shown in Figure 2 .
Cultured plant cells have been recognized as good biocatalysts to reduce exogenously administrated compounds [8] . However, cultured cells of N. tabacum, P. americana, C. roseus, and G. hirsutum, which have been reported to be able to reduce C-C double bonds of exogenous enones [8] , could not reduce the C-C double bonds of curcumin. Only the cultured cells of M. polymorpha showed high potential for the reduction of C-C double bonds of curcumin to give tetrahydrocurcumin in high yield after a 1-day incubation period. These findings suggest that reductases responsible for the reduction of C-C double bonds of curcumin exist only in cultured cells of M. polymorpha among these plant cell cultures. This is the first paper to report the biocatalytic reduction of curcumin by cultured plant cells. Purification of the reductases that catalyze the reduction of curcumin is now in progress in our laboratory. Water, 35/65; flow rate: 1 mL/min). Curcumin used as substrate was purchased from Sigma-Aldrich Co. and was used without further purification. The cultured cells of M. polymorpha were subcultured at 4-week intervals on solid MSK-II medium containing 2% glucose, 1 ppm 2,4-dichlorophenoxyacetic acid, and 1% agar (adjusted to pH 5.8) under illumination (4000 lux). A suspension culture was started by transferring 20 g of the cultured cells to 300 mL of liquid MSK-II medium in a 500 mL conical flask.
Biotransformation procedure:
The suspension cells of M. polymorpha were incubated in 500 mL conical flasks for 3 weeks. The cultured cells in the stationary growth phase were used for experiments. After the cultivation period, 300 mg of the substrate was added. The transformation was performed by incubating the mixture at 25 o C on a rotary shaker (70 rpm) under illumination (4000 lux). The culture medium was extracted with ethyl acetate. The cells were extracted (x3) by homogenization with methanol. The methanol fraction was concentrated and partitioned between water and ethyl acetate. The ethyl acetate fractions were combined and concentrated. The yield of the products was determined on the basis of the peak area from HPLC and expressed as a relative percentage to the total amount of the whole reaction products extracted. The ethyl acetate fraction was subjected to chromatography on silica gel with n-hexane-ethyl acetate (95:5, v/v) to separate the products, which were identified by comparisons of their FABMS and NMR data with those of authentic samples. 
Time-course experiment:
Thirty g (fresh weight) of suspension cells of M. polymorpha was partitionated to each of 8 flasks containing 100 mL of medium. Substrate (16 mg) was administered to each of the flasks and the mixtures were incubated on a rotary shaker at 25°C. At 3 h intervals, one of the flasks was taken from the rotary shaker, and the cells and medium were separated by filtration. The extraction and analysis procedures were the same as those described above. The yield of products was determined on the basis of the peak area from HPLC and expressed as a relative percentage to the total amount of the whole reaction products extracted. 
